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We consider the possibility of having a MeV right-handed neutrino as a dark matter constituent. 
The initial reason for this study was the 511 keV spectral line observed by the satellite experiment 
INTEGRAL: could it be due to an interaction between dark matter and baryons? Independently 
of this, we find a number of constraints on the assumed right-handed interactions. They arise in 
particular from the measurements by solar neutrino experiments. We come to the conclusion that 
such particles interactions are possible, and could reproduce the peculiar angular distribution, but 
not the rate of the INTEGRAL signal. However, we stress that solar neutrino experiments are 
(-H ■ susceptible to provide further constraints in the future. 
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^j- 1 I. INTRODUCTION 

<N : 

The initial motivation for this work comes from the INTEGRAL experiment. The existence of an excess of 511 
keV photons [1] has prompted a number of speculations, ranging from astrophysical Q to exotic [|[ models. One of 
the characteristics of this radiation is its close association to the bulge area. A natural question arises then: could 
the radiation (or rather the production of positrons which induce it) be linked to an interaction of dark matter with 
£NJ ' baryonic matter which would also lead to a reduced emission region. 

The question of MeV neutrinos could be asked independently of this initial motivation and even be of some obser- 
vational interest (Related works can be found in e.<?.[3].). In the following, we will consider neutrinos with suppressed 
weak interactions, essentially right-handed neutrinos interacting via SU(2) R gauge bosons. We will examine the sta- 
bility, the cosmological abundance of such neutrinos and the constraints from neutrino experiments and finally discuss 
J-Z the 511 keV line signal. 

While such particles could account for the angular distribution, we find out that they cannot reproduce the rate of 
the INTEGRAL data. 

Nevertheless, we show that solar neutrino experiments can provide important constraints on such models. 
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• rH , II. LEFT- RIGHT FRAMEWORK 

X 

Heavy right-handed neutrinos appear naturally in Left-Right (LR) symmetric models. We will assume the usual 
LR framework (see e.g. [f|), in which the scalar sector is made of A^(l, 0, +2) and A/j(0, 1, +2) which are respectively 
triplet under SU(2) L and SU(2) R , and a bidoublet <f>{\, |,0) under SU(2) L (g> SU(2) R (g> U{1) B -l, in order to recover 
the Standard Model after symmetry breaking 

SU{2) L ® SU{2) R ® C/(l) B _z, -» SU(2) L <g> U(1) Y -» U(1) Q . (1) 
At low temperatures, the physical gauge bosons are linear combinations of left and right-handed gauge bosons, 



( Wi= cosC W L + sinC W R f Z 1 = cos X Z L + sin* Z R 
\ W 2 = - sinC W L + cos C W R \ Z 2 = - sinx Z L + cos x Z R 

where the mixing angles C ancl X can be expressed in terms of the vacuum expectation values (vev) of the scalar 
fields, and adequately suppressed to comply with experimental bounds. 

For the neutrinos, we invoke the see-saw mechanism to get light "left-handed", and heavy "right-handed" neutrinos. 
The mass eigenstates are actually mixtures of interaction states, 



2 



J V\= cos 9 vl + sin 6 vr 
1 vh = — sin 9 vl + cos z/r 

with a mixing angle tan# ~ [m Vl jm VH ) 1 l' 1 . It should be noted that it is possible in the LR framework to have a 
right-handed neutrino in the MeV range, while having right-handed gauge bosons masses in the TeV range. Compared 
to the case where heavy neutrino and right-handed gauge bosons masses are alike, this scenario does not seem as 
"natural" in the sense that it supposes tiny Yukawa couplings, but is still viable at this point. 



III. STABILITY OF THE RIGHT-HANDED NEUTRINOS 



For the MeV right-handed neutrino to be a dark matter candidate, its lifetime should be at least the age of the 
universe tu ~ 1.4 • 10 10 years ~ 4.5 • 10 17 s. We first consider the decay channels Vr — > vlvl&l and vr ~ * crS-l^l due 
to LR mixing 9 and (,. The decay widths at lowest order in 9, £ are 

_ a u F 5 _ c, u F 5 

Lv R ->u L u L v L — 3 8 4 7r 3 m i'H ' 1 "R^ e R^^ ~ 19 2 7r 3 TO ^ff W 

The requirement > 177 implies very suppressed mixings, 9 and £ < 10 . 

A radiative decay is also possible, namely vr — » ^l7- The decay width is proportional to the LR mixing £ 2 , and to 
the mass square of the heaviest intermediate charged lepton that is coupled to Vr [6|: 

aGj 

" L ~ 27T 4 S 



We can see that the constraint of stability from the radiative decay could amount to a further suppression of £ by a 
factor 10 3 . When these requirements are fulfilled, we have vi ~ vl so that one of the three light neutrinos is almost 
massless m U[ ~ 0, uh — V R an d W\ ~ Wl, W2 — Wr. We note the charged gauge boson masses as Ml and Mr 
respectively, and their corresponding Fermi coupling constants for low-energy processes are 

Gl,r 9 2 (4) 
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IV. COSMOLOGICAL ABUNDANCE : LOW REHEATING TEMPERATURE SCENARIO 



As is well known, in the standard thermal freeze-out scenario, the so-called Lee- Weinberg bound forbids a neutrino 
with a mass in the MeV range and a cross section of the order of weak interactions to be a cold dark matter relic. 
For a Majorana neutrino, its mass should be higher than 5 GeV, in order to have a relic density f2„ < 1. A crude 
evaluation for the cold dark matter relic density is given by 

~ 3 x l(r 27 cm 3 s- 1 
VLh 2 fa — . (5) 



For right-handed neutrinos, the Lee-Weinberg limit is even further increased by a factor G\jG\. 

We are thus led to consider a low reheating temperature scenario for our dark matter candidate. Indeed, it has 
been noticed Q that a decrease in the reheating temperature Trh can reduce the dark matter abundance. Usually, 
Trh is supposed to be high, but the only serious constraint is that the standard big-bang nucleosynthesis (BBN) 
scenario should not be spoiled, leading to Trh > 1 MeV. We do not consider the decay of the field responsible for the 
reheating and we work with pre-BBN degrees of freedom to produce our dark matter neutrinos. We adopt an effective 
approach, in which neutrons and protons are produced during the reheating stage at the end of inflation, right-handed 
neutrinos are produced afterwards by interactions between nucleons and electrons. In the following Trh will refer to 
the temperature at which dark matter production processes become effective; notice that it will take place well after 
inflation. 

The right-handed neutrino relic abundance is obtained by solving numerically the Boltzmann equations after re- 
heating (see e.<7.[8|), i.e. for z > zrh, where z = m v 
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FIG. 1: a) Relic density of right-handed neutrino in the (m VR ,TRH) plane. 
m UR = 4 MeV (in units of the critical density today). 
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Solutions of the Boltzmann equation for 
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FIG. 2: a) Process producing the positron for the 511 keV INTEGRAL signal, b) Left(Right) charged current driving Vl + 
Z ~ X A -> e L + Z A and u R + Z ~ X A -> e fl + Z A 



where Yi = rii/s is the comoving density for the species i. The final right-handed neutrino relic density is £l UR — 
n v {T 1 (2.7K)) m VR/ Pc- The results are shown on fig. Q] We see that for m VR ~ O(MeV), we can reach WMAP values 
(fij/jj ~ 0.2) for Trh ~ 1 — 10 MeV which is quite small (see @ concerning low scale inflation) and just above the 
BBN limit. For a given neutrino mass and reheating temperature, the relic density decreases when the charged gauge 
boson mass ratio Mr/Ml is increased, because it is driven by the production cross section. Conversely, for a given 
neutrino mass and relic density, a higher reheating temperature is allowed when Mr/ 'Ml is increased. 



V. CONSTRAINTS FROM NEUTRINO EXPERIMENTS 



In our scenario, it turns out that the most stringent constraint on Mr/Ml comes from solar neutrino chemical 
experiments. As can be seen in figure [21 the positron production reaction vr +p — > Er + n needed to explain the 
INTEGRAL signal, and the heavy neutrino capture reaction vr + n ( Z ~ 1 A) Wa > cr + p { z A) are closely related 
due to the Majorana nature of the neutrino. As the INTEGRAL diffuse gamma-ray data is compatible only with 
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positron injection energies lower than 3 MeV [ltj , we consider right-handed neutrinos with a mass lower than 5 MeV. 
Therefore, only the Gallium (Ga) experiments (Sage, Gallex, GNO) and Chlorine (CI) experiments (Homestake) can 
be affected. The energy threshold in water Cerenkov experiments such as SuperKamiokande and SNO is higher than 
this value. The observed rates in Ga and CI experiments are [Tlj 

cf>a\ G& = 68.1 ± 3.85 SNU ; 0er| cl = 2.56 ± 0.16(stat) ± 0.16(syst) SNU, 

with 1 SNU (Solar Neutrino Unit) = 10~ 36 capture/atom/s. As these values are in good agreement with the results 
of Cerenkov water experiments (Kamiokande, SuperKamiokande and SNO), the possible right-handed contribution 
should fit inside the rate uncertainty. The total rate uncertainty is actually bigger than the experimental error quoted 
above, because one should add the uncertainties coming from the predicted rates with and without oscillation based 
on our knowledge of the solar model, the capture cross sections, and the results of SNO. It turns out that the total 
uncertainty at 1 a amounts to 0.44 SNU for the CI experiment and 6.6 SNU for Ga experiments. 

Assuming equality between left and right-handed couplings, we can relate the left and right-handed neutrino 
scattering cross sections <jb.,l = &{yR,L n ~~ * £r,lp), 

G B .Y c 



ffK= feJw ffi ' (6) 

If the local vr density is set to pdm — 0.3 GeV/cm 3 , we have a vr flux (pR = v l/R p,i m /'m I/R , so that 

As shown in fig. [H the most constraining experiment is Chlorine. The values for <tl were taken from Bahcall fl2j . For 
m VR ~ MeV we obtain Mr/Ml > 10 — 20, which correspond to very suppressed cross sections, typically cr < 10 -12 
pb. As a result, the vr positron production cross section is also limited in the same range. We find that it reaches 
a maximum of 2.4 10~ 12 pb for m VR ~ 4.5 MeV. It is interesting to note that we have a constraint on dark matter 
from neutrino experiments. This constraint is more st ring ent than direct accelerator limits, although less stringent 
than the much more speculative astrophysical bounds [131 ]. Our value relies on the assumption that the local dark 
matter density is around the usually quoted value of 0.3 GeV/cm 3 . If, for some reason, this density is well below this 
value, the constraint could fall behind other accelerator bounds on Mr/Ml. 



VI. LINK WITH THE 511 KEV LINE SIGNAL 



The gamma excess at 511 keV coming from the galactic bulge observed by INTEGRAL suggests electron-positron 
annihilations at rest. It is clear that the positrons have to be produced with a low energy in order to stay in the bulge. 
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Different scenarios have been proposed to explain the positron production, but there is no definite answer. Here, we 
consider a neutrino-baryon (i>r-B) scattering through right-handed charged current interaction. The expected gamma 

ray flux in a solid angle Afi around the line of sight (l.o.s.) with direction ip is given by 



<KV, Afi) - dSl ds pdmPb (8) 

2-Km B m VR J An J Lo Si 

Dark matter and baryon profiles are somewhat unknown in the central region of the galaxy. Considering the poor 
resolution of the INTEGRAL instrument (~ 3), the precise behavior near the galactic center cannot be probed. We 
have reported on fig. 0] the INTEGRAL gamma-ray line flux data. The intensity profiles along positive and negative 
longitude and latitude were put together, assuming spherical symmetry, and broadened to the INTEGRAL resolution. 

For the DM halo, N-body simulations suggest the following effective parameterization 

PDM{r)= PDM [1 + (r/o)a](/ ,- 7)/a {-) > 0) 

where 7 is quite unconstrained (0 < 7 < 1.5). 

For the baryonic profile of the bulge, we use the following function [3] 

PB (r) = p% e~ Q - 5r2 , (10) 

where the value p° B = 30 GeV/cm 3 is derived from the galactic rotation curve [l5| at the bulge scale. 

It turns out that the morphology of the expected signal, when normalized to the data, can reproduce the angular 
distribution of the INTEGRAL observations. To illustrate this, fig. 0] displays a comparison between the INTEGRAL 
data and the and the calculated gamma ray flux <p from positron production (given by eq.®) in two different scenarios: 

• light dark matter annihilation [l6| 4> (x J PdmPdm with a NFW [l7| profile (7 = 1 in eq. ([9])), 

• dark matter-baryon interaction 4> cx J pbPdm with a Kravtsov [l8j profile (7 = 0.5) for dark matter. Notice 
that the dark matter annihilation (through right-handed neutral currents) contribution is subdominant in this 
case [l9j . 

However, the magnitude of the measured flux (in a circle with 20 degrees radius) is 
(1.09 ± 0.04) • 10~ 3 photons cm~ 2 s _1 , and cannot be reproduced in our model. Taking into account the neu- 
trino experiment constraints on the cross section, we get a flux ~ 10~ 13 photons cm~ 2 s _1 , far too low to match the 
data. 



VII. CONCLUSION 



In a Left-Right framework, we studied the possibility of MeV right-handed Majorana neutrinos as dark matter 
candidate. The stability constraints can be fulfilled thanks to very suppressed left-right mixings for both bosons and 
neutrinos. The solar neutrino chemical experiments give the most stringent constraint on the right-handed interaction 
cross section, which appears to be very suppressed. Such a low cross section also excludes the standard freeze-out 
scenario. The WMAP relic abundance for the right-handed neutrino can still be achieved, at the cost of a very low 
reheating temperature scenario (Tru ~ O(10MeV)). Finally, we have shown that the INTEGRAL 511 keV line signal 
morphology can be in good agreement with a dark matter-baryon interaction. In the specific model we considered, 
the right-handed neutrino is a viable dark matter candidate, but the cross section is too small to produce the right 
amount of photons. We point out that the careful comparison of solar neutrino experiments does and will provide 
stringent constraints on this and similar dark matter candidates. 
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